The study of filamentous fungi is fundamental not only to extend their biotechnological applications, but also to develop new drugs to fight pathological species. Morphological analyses are particularly relevant when investigating their development and differentiation. The need to maintain the orientation of hyphae and the presence of a cell wall, which hampers the sample infiltration with cryoprotectants and other reagents necessary to preserve the cell ultrastructure, creates difficulties with the use of electron microscopy (EM). Here, we present an immunoelectron microscopy (IEM) procedure that combines the Tokuyasu protocol adapted to yeast and the flat-embedding technique. While the first method leads to a fine resolution of the ultrastructure of Aspergillus nidulans because of both the cell wall permeabilization and the negative membrane coloration, the second permits us to preserve the spatial distribution of the hypahe of this fungus. The presented data demonstrate the advantages of this combination and the unprecedented potential of this relatively simple and rapid protocol in resolving the morphology of filamentous fungi and performing localization studies.
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Keywords filamentous fungi, hyphae, Aspergillus nidulans, cryosectioning, immunogold labelling, Tokuyasu method Filamentous fungi impact our daily life in many different ways. Some species are widely used as producers of extracellular enzymes or useful metabolites. In contrast, some other species cause lifethreatening infections or produce mycotoxins contaminating human and animal food. EM has been an important tool in studying the physiology, development and differentiation of fungi, and methods fixing cells by cryofixation or chemical fixation followed by embedding in different resin matrices have been extensively used (e.g. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] ). While satisfactory results have been obtained in the ultrastructural analysis of morphologically visible subcellular organelles using chemical fixation, the preservation of more delicate structures such as membranes, especially those of small structures, and such a vesicle appears far from being optimal, thus limiting detailed EM exploitation in endomembrane traffic and organelle biogenesis studies. Due to its amenability to genetic analysis and to the regular distribution of the nuclei within the multinucleated hyphal cells, the filamentous ascomycete A. nidulans has been used for studies leading to the identification of key regulators of the cell cycle [14, 15] . Cell biologists have exploited the very large distance between different regions of the same A.
nidulans cell to investigate the cytoskeletonmediated long-distance movement of organelles [16, 17] . Recently, the focus has been set on the dynamics of the Golgi and endosomes, and how this dynamics contribute to polarized apical extension and endosome maturation across the endocytic pathway [18] [19] [20] . These studies, which made extensive use of fluorescence microscopy, have been boosted by the relative ease in endogenously tagging genes with the sequences encoding fluorescent proteins [21] . They are, however, limited by the low resolution of the light microscope, and this problem can only be circumvented by complementing them with IEM analyses. One major obstacle in processing fungi for EM investigations is their relative impermeability to fixatives and resins due to the presence of a cell wall, which leads to non-optimal specimen preservation [22] . Another obstacle is the high protein concentration of the fungal cytoplasm, as most EM contrast methods exploit the fact that the protein concentration in the membranes is higher than that in the cytoplasm, thus facilitating resolution of intracellular compartments. Therefore, the narrower difference of the protein concentration in the cytoplasm and membranes that naturally occurs in fungi results in less well-defined membrane outlines. To bypass these problems, we recently developed a new IEM procedure adapted from the Tokuyasu method to prepare cryosections from mildly fixed Saccharomyces cerevisiae cells [23] . Our modification introduced a post-fixation step where cells are treated with periodic acid to oxidize the cell wall glucan matrix and render it more permeable to viscous reagents [22] . The periodic acid treatment allows better infiltration of cryoprotectants, which reduces structural damage caused by ice crystal formation during freezing. The resulting optimally improved cell preservation combined with the negative staining of the membranes typical of the Tokuyasu method creates an excellent contrast leading to a unique resolution of the yeast subcellular morphology [23] .
Compared to yeasts, filamentous fungi present yet another difficulty for EM, as it is not straightforward as to how to maintain the orientation of the hyphae during sample processing steps. A similar problem has been encountered with highly polarized mammalian cells such as neurons, and to address this problem, a technique called flat-embedding has been developed [24] . Briefly, mammalian cells grown in a dish are fixed before covering them first with a thin layer of gelatin and then with a second thin layer of gelatin containing fixed erythrocytes. This second layer facilitates the orientation of the block and provides the necessary thickness for sectioning. After infiltrating the cells with sucrose, large pieces of the gelatin/cell slab are detached from the dish and stained with Toluidine Blue. Coloration facilitates not only the proper orientation of the block, but also ultrasectioning as the stained cells are clearly visible in the microtome.
To solve the problems that researchers face when preparing filamentous fungi for EM, e.g. impermeability to viscous reagents, low membrane resolution and preservation of the hyphae organization, we have opted to develop a protocol that combine the advantages of the Tokuyasu procedure adapted to yeast and the flat-embedding technique, and used A. nidulans as a model organism. To have the hyphae of this fungus mostly projecting on the same plane, cells were cultured on 100-200 µl synthetic complete medium [25] containing 2% of low-melting-point agarose (Roche Diagnostics, Almere, the Netherlands) layered on a standard microscope slide. Solidified slabs were inoculated in the middle by pipetting 1 µl of a dense conidiophore suspension and incubated at 30°C until the growing hyphae reached the desired size. Slides containing hyphae were placed in clean Petri dishes and gently submerged with 10 ml of a fixative [2% (w/v) glutaraldehyde, 0.2% (v/v) acrolein in 0.1 M PHEM buffer, pH 6.9 (20 mM PIPES, 50 mM HEPES, 20 mM EGTA, 4 mM MgCl 2 )]. We have also tried other more common chemical fixatives such as 4% paraformaldehyde, 2% paraformaldehyde/0.2% glutaraldehyde and 2% paraformaldehyde/0.2% acrolein, but, in our hands, the best cell preservation and contrasts were obtained with the glutaraldehyde/acrolein mixture. Importantly, the presence of acrolein is not affecting the immunogold labelling efficiency of cryosections (data not shown). Samples were first fixed for 2 h at room temperature (RT) on a rocking shaker (this treatment can also be performed at 30°C) and then at 4°C overnight. Fixed preparations were rinsed several times by addition and subsequent gentle decantation of 0.1 M PHEM buffer. At this point, most hyphae containing agarose slabs were detached from the slides and transferred to smaller Petri dishes with the help of a spatula. The spatula was also used to gently lift the agarose slabs still attached to the slides. The PHEM buffer was replaced by 1% periodic acid in 0.1 M PHEM, and the slabs were left on a rocking shaker at RT for 60 min, then washed again several times with 0.1 M PHEM buffer. The last rinse was removed and replaced with 12% gelatin in 0.1 M PHEM buffer at 37°C. The closed dish was rotated to make sure that the gelatin was evenly mixed with any buffer remnants and placed in an oven at 37°C for 15 min. After removal from the stove, a cover slip was immediately placed on top of the hyphae to create through its weight a thinner layer of gelatin covering the fungus. Samples were then allowed to solidify first at RT for 5 min and then on ice for 20 min before gently removing the cover slip on top of the preparation. In contrast to the standard protocol for the flat-embedding, we omitted the addition of erythrocytes because the hyphae generate a layer of cells much wider than neurons grown in culture and therefore cells can be easily found during the cryosectioning. Subsequently, small strips (1×10 mm) with fungal hypha were cut from the agarose/ gelatin, placed in a cold solution of 2.3 M sucrose plus 0.005% Toluidine Blue O (Sigma-Aldrich, St. Louis, MO) and left for 24 h in the cold room on a rotating wheel. We first cut the specimen into strips so that we could find them easier in the 2.3 M sucrose (the refraction indices of agarose and sucrose are similar). Toluidine Blue O colours the hyphae so that smaller blocks can be located without difficulty in the sucrose solution (the dye does not affect either cell morphology or antigenic reactivity; data not shown). Blue coloration also allows for proper block orientation by placing the coloured fungal hypha either on the top of the block and the smooth surface formed from the agarose/gelatin and slide interface on the bottom or with the specimen mounted perpendicular to the specimen holder. The strips were then evaluated using a MZ16 binocular (Leica Microsystems, Vienna, Austria) in order to identify the areas covered by hyphae. Smaller blocks of 1 mm 3 were then made from these regions of interest before being mounted on an ultramicrotome specimen holder and frozen in liquid nitrogen. After trimming to a suitable shape, 70 nm ultrathin sections were cut at −120°C on dry diamond knives (Diatome AG, Biel, Switzerland) using an UCT ultramicrotome (Leica Microsystems, Vienna, Austria). Flat ribbons of sections were picked up in a wire loop filled with a drop of 1% (w/v) methyl cellulose, 1.15 M sucrose in PBS buffer and transferred to Formvar carbon-coated 50-mesh copper grids [22] . Sections were finally viewed in a JEOL 1010 electron microscope (JEOL, Tokyo, Japan). This protocol yields long longitudinal profiles of the hyphae (Fig. 1a) as well as cross-sections when growth is perpendicular to the slide (Fig. 1b) . The procedure preserves and easily permits identification of all major organelles: the nucleus and its pores, the vacuole, mitochondria, the peripheral ER and the plasma membrane (Fig. 1c-e) . In addition, small vesicles and tubules, which probably represent vesicular carriers, can be observed in the cytoplasm as a result of the optimized contrast (Fig. 1b, d and e, arrows). Specific filamentous fungal structures such as the septa with their pore and the adjacent Woronin bodies are also readily detectable ( Fig. 1f and g ). We have also been able to capture the passage of a mitochondrion through the pore of a septum (Fig. 1h) .
One of the advantages of the Tokuyasu method is that it allows integrating high-resolution morphological analyses with localization studies because epitopes are optimally preserved and thus immunological reactions can therefore be performed on cryosections [26, 27] . This is also valid for the procedure adapting this method to S. cerevisiae [23] . To demonstrate that the protocol described above could be combined with immunogold labelling as well, we analyzed an A. nidulans strain where large endosomal structures accumulate upon high-level expression of green fluorescent protein (GFP)-tagged RabA, a Rab5 GTPase paralogue involved in the biogenesis and maturation of early endosomes [18, 20] . The ultrastructure of these large compartments is unknown. Cryosections, prepared as described above, were first reacted with anti-GFP antibodies and subsequently with gold-conjugated protein A following an established protocol [26] . As shown in Fig. 2 , the preparations were efficiently labelled. Gold particles specifically decorated large clusters of endosomes, few of which are multivesicular bodies, surrounding vacuoles, thus revealing the morphology and organelle composition of the previously unresolved aggregates formed upon RabA overexpression.
To the best of our knowledge, the Tokuyasu procedure has never been applied before for the ultrastructural analysis of filamentous fungi and this is probably due to the presence of a cell wall that hampers the penetration of the critical cryoprotectants. Altogether, our data show that the protocol presented here leads to a superb resolution of the morphology of fungi because of both the sample preservation and the white outline of the membranes. As a result, more ultrastructural details and small structures can easily be perceived. This procedure is also simple, fairly rapid and the hyphae organization is largely maintained. One drawback is that to optimally fix the A. nidulans, we have employed a concentration of glutaraldehyde higher than the one used for yeast (2% versus 0.2%). While this modification appears not to affect the epitopes recognized by our anti-GFP antibody, it is very likely that other epitopes are destroyed. In the case of such an event, researchers can use milder fixatives like 2% paraformaldehyde/0.2% glutaraldehyde or 4% paraformaldehyde. The overall hyphae ultrastructure will be less well maintained and defined, but epitopes will be better preserved. Chemical fixation and cryofixation are the two principal approaches commonly used to immobilize biological samples. High-pressure freezing (HPF) is generally acknowledged as being the method of choice for cryofixation [28, 29] . The main advantage of HPF is that samples are structurally stabilized within a few milliseconds, whereas chemicals have a lag time in completely penetrating into cells. This approach is time-consuming and requires sophisticated equipment. In addition, the fungi have to be grown on small and special synthetic supports in order to be inserted and processed by the HPF apparatus (see, e.g. [10] ). Nevertheless, HPF could be the solution when a particular subcellular structure is not well fixed with chemicals or milder fixatives have to be used in order to preserve specific epitopes. The disadvantage of HPF is that subsequent to freezing, to prepare samples for EM analyses, fixation, dehydration and resin-embedding are needed. Compared to the non-embedded sections obtained by the Tokuyasu method, visualization of membranes in resin sections is relatively poor and the efficiency of the immunolabelling is generally much lower or destroyed. Recently, a procedure, called the rehydration method, which combines the advantages of HPF and the Tokuyasu technique has been developed [30] . This approach has been applied to yeast as well [23] . While this probably could represent an optimal solution, the rehydration method is also time-consuming and it has the same disadvantages as HPF when preparing fungi samples.
In summary, we describe here an IEM protocol that is a valuable new tool for the large community of scientists investigating filamentous fungi. Importantly, this method is compatible with immunogold labelling of protein markers and consequently it is appropriate for subcellular localization studies as well. [18] were processed for IEM as described in Fig. 1. (a, b) Compartments specifically labelled by the anti-GFP antibody (Rockland, Gilbertsville, PA), e.g. clusters of endosomes and multivesicular bodies. No labelling was observed when cryosections obtained from MAD005 wild-type cells were incubated with the same antibody (not shown) indicating the specificity of the immunological reactions. CW, cell wall; ER, endoplasmic reticulum; M, mitochondrion; PM, plasma membrane. Scale bar, 200 nm.
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